We showed that myoglobin gene transcription and the appearance of myoglobin occur very early in myogenesis, in both humans and mice. In contrast to the contractile protein genes, there is a subsequent increase of 50-to 100-fold in myoglobin mRNA and protein levels during later muscle development. Myoglobin and myoglobin mRNA are present at elevated levels in fetal heart and are also detectable at low levels in adult smooth muscle. The absolute level of myoglobin mRNA in highly myoglobinized seal muscle is very high [2.8% of the total population of poly(A)+ RNAs]. Levels of myoglobin in seal skeletal muscle and in various human muscle types appear to be determined by the size of the myoglobin mRNA pool. In contrast, low levels of myoglobin in mouse skeletal muscle are not apparently correlated with low levels of myoglobin mRNA. As expected from the early appearance of myoglobin mRNA in embryonic skeletal muscle, both rat and mouse embryonic myoblasts accumulate myoglobin mRNA on fusion and differentiation in vitro.
The expression of the muscle contractile protein genes is an attractive system for the study of the induction of tissue-specific genes in cellular differentiation, and can be modeled in culture by differentiation of skeletal muscle myoblasts to form multinucleate contractile myotubes. Many studies have shown that contractile protein genes are activated after myoblast fusion (see reference 9) . These include skeletal and cardiac muscle ca-actins (5), myosin light and heavy chains (42) , and troponins and tropomyosins (15) . Most of these proteins are encoded by multigene families (23, 46) , individual members of which exhibit tissue-specific and developmentally regulated expression. For example, fetal-and neonatal-specific isoforms have been found for myosin heavy chain (42) , and there are in total at least 10 isoforms of this protein expressed in mammalian tissues (10) .
In contrast to the muscle-specific contractile protein genes, much less is known about the expression of other muscle-specific genes during myogenesis. An example of such a protein is myoglobin, the principal hemoprotein of vertebrate muscle, which serves to facilitate diffusion of oxygen to the muscle mitochondria (43) . Elevated levels of myoglobin are found in skeletal muscle of diving mammals and birds and in some mammals adapted to hypoxic subterranean or high-altitude environments (11, 26, 34) . Levels in some aquatic species are high enough to act as a significant oxygen store during diving (44) and therefore represent an evolutionary adaptation to a diving physiology. There is also a correlation between muscle type and myoglobin content, such that slow (or red) muscles contain a higher concentration of myoglobin than fast (white) muscles (36) . Little is known about the regulation of myoglobin synthesis during muscle development. In humans and sheep, myoglobin accumulates in cardiac muscle early in fetal development, but was not thought to appear in skeletal muscle until later in gestation (27, 38) .
Myoglobin genes are distant members of the globin gene superfamily, the duplication event leading to the divergence * Corresponding author. of myoglobin and hemoglobin genes having preceded the divergence of a-and 0-globin genes (14) . Myoglobin alone of the globin genes is expressed in the myogenic developmental system, rather than the erythroid system. We have previously cloned and characterized the myoglobin genes from the grey seal (7) , humans (41) , and mice (A. Blanchetot, M. Price, and A. J. Jeffreys, manuscript in preparation) and showed that myoglobin in each species is specified by a single gene. Each has the three-exon and two-intron structure found in a-and P-globin genes (7) but differs markedly from all characterized a-and 3-globin genes in having very long introns and 3'-nontranslated mRNA sequences.
As a prelude to studying the molecular basis of myoglobin gene regulation during myogenesis and the nature of myoglobin adaptation in diving mammals, we Myoglobin from human and grey seal muscle was purified by isoelectric focusing as described previously (45) , and myoglobin concentrations were estimated from A543 values.
Actin and myoglobin hybridization probes. The mouse skeletal a-actin cDNA probe, containing the sequence for amino acid residues 30 to 374 plus approximately 300 nucleotides (nt) of 3' noncoding sequence, was isolated in a PstI fragment from plasmid pAM91 (31) . Myoglobin gene probes from the 3'-nontranslated regions of the human and seal genes were a 285-base-pair (bp) HpaII-Hinfl fragment from pHM.17.E1 (41) and a 269-bp Sau96I-Hinfl fragment from pSM.1.17 (7) , respectively (see Fig. 5 ). These three probes were separated from vector and other gene sequences by restriction and agarose gel electrophoresis onto DE81 paper (16) before labeling by nick translation (41) .
An M13 recombinant, M13HEX2, contained a 253-bp BstEII-HaeIII human exon 2 fragment which had been isolated from plasmid pHM.27.B1.1 (41) , blunt ended, and cloned into the SmaI site of M13mpl8 (48) . A 32P-labeled, single-stranded, complementary antisense human myoglobin probe containing all but the 5'-most 11 bp of the exon 2 coding sequence, plus 42 bp of intron 2, was generated from M13HEX2 by the method of Jeffreys et al. (24) . Similarly, a mouse exon 1 probe containing 119 bp of exon 1 plus 16 bp of the 5'-flanking sequence was generated from M13MEX1, isolated during sequence analysis of the mouse myoglobin gene (Blanchetot et al., in preparation).
Preparation and electrophoresis of RNA and filter hybridization. Embryonic myoblast cell lines L6 (rat [47] ) and G8 (mouse [12] ) were grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. Fusion of myoblasts to produce multinucleate myotubes was carried out by the method of Walsh and Phillips (40) , and poly(A)+ RNA was prepared from pre-and postfusion cultures as described previously (3 Thomas (37) . Washed, dried filters were exposed to Kodak X-Omat X-ray film. S1 nuclease protection mapping. S1 nuclease protection mapping was carried out as previously described (6 Amersham) and unlabeled dCTP calculated to give a specific activity of 7 x 103 cpm/ng of antisense DNA. Labeled cDNA was separated by agarose gel electrophoresis as described previously (24) . The cDNA was eluted from the gel slice and recovered by ethanol precipitation, and the yield was measured by Cerenkov counting.
32P-labeled cDNA was hybridized with seal poly(A)+ RNA in 10 RI of 1 x SSC (0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0)-100 ,ug of tRNA per ml at 65°C for 5 to 41 h.
Samples were electrophoresed directly in 1.5% agarose gels which were dried and autoradiographed. The amount of cDNA hybridized to RNA was determined by Cerenkov counting regions of the dried gels. RESULTS Presence of myoglobin early in fetal development. The semiquantitative analysis of myoglobin levels in adult human skeletal muscle by comparison of protein staining intensities with standard myoglobin samples gives an estimate of 7.5 mg of myoglobin per g (wet weight) of muscle. This value is in good agreement with previous estimates (1, 33) . Western blotting combined with immunoanalysis allows the detection of very low levels of myoglobin, down to 3 ng (data not shown), and was used to assess levels of myoglobin in human fetal skeletal muscle extracts in which myoglobin protein cannot be detected by conventional protein staining MOL. CELL. BIOL. In the fetal muscle samples in which the protein concentration was high, some components of higher and lower molecular size than myoglobin could be detected. These are not thought to be myoglobin-related proteins, but arise owing to a slight impurity of the antibody. (38) (Fig. 1A) . Analysis of extracts of limb muscle from fetuses of between 10 and 20 weeks of gestation showed that myoglobin is present in the developing muscle as early as 10 weeks at about 0.2% (15 Fxg/g [wet weight]) of the adult level. This rises to between 0.4 and 1% (30 to 75 ,ug/g) in the second trimester ( Fig. 1B ; Table 1 ).
Estimates of myoglobin levels in adult and fetal cardiac muscle and also in adult smooth muscle samples (Table 1) were obtained in the same way. Levels in adult heart are similar to those in skeletal muscle, while levels in smooth muscle are extremely low at around 0.2 to 0.4% of the skeletal muscle level. Myoglobin occurs at a significantly higher level in fetal heart at 20 weeks of gestation than in skeletal muscle, as previously reported (38) .
To confirm that myoglobin is expressed early in fetal development, poly(A)+ RNA was prepared from adult and homology with the seal gene (41) . This location was confirmed by Si nuclease protection mapping of the 5' terminus of human myoglobin mRNA (Fig. 3C) . Si nuclease mapping of human adult cardiac and fetal skeletal muscle RNAs gave patterns of protected fragments identical with adult skeletal muscle RNA (Fig. 3A and B) . There is therefore no apparent variation in the site of transcriptional initiation in the myoglobin gene in these tissues. Expression of myoglobin in the mouse. To confirm that myoglobin gene expression occurs at a low level early in myogenesis and to investigate the developmental profile of expression in more detail, we characterized the expression of myoglobin in the mouse. Myoglobin levels were quantified in adult skeletal muscle and in adult cardiac muscle by comparative protein staining after electrophoresis as described for human muscle. There appeared to be an order of magnitude less myoglobin protein in the adult mouse skeletal muscle extract than found for the human samples (Table 1) fetal skeletal and cardiac muscle and also from adult smooth muscle and analyzed by Northern blot hybridization with human myoglobin gene probes. RNA samples from fetal skeletal muscle were also hybridized with a mouse ax-actin cDNA probe, which cross-hybridizes with both human skeletal muscle oa-actin mRNA and with cytoplasmic ,B-and -y-actin mRNAs. The myoglobin probes detected similar levels of 1,400-nt-long myoglobin mRNA in adult skeletal and cardiac muscle ( Fig. 2A) . As predicted, much lower levels of myoglobin mRNA could also be detected in adult smooth muscle RNA (data not shown) and in all RNA samples tested from fetal skeletal muscle ranging from 10 to 20 weeks of gestation (Fig. 2B ). In contrast, the level of oa-actin mRNA (Fig. 2C) (18) and myosin light chain mRNA (data not shown) in fetal skeletal muscle is not significantly different from that in adult muscle. Levels of myoglobin mRNA in different human muscle tissues were estimated by titration on Northern blots and compared with the corresponding levels of myoglobin protein in these muscle samples (Table 1) . Tissue-specific differences in levels of myoglobin are consistently reflected in myoglobin mRNA levels, with very low levels in smooth muscle and fetal skeletal muscle (-1 to 4% of adult levels) and a relatively high level (-10% adult) in fetal cardiac muscle.
Same transcriptional initiation site is used in the myoglobin gene in different muscle tissues. Si nuclease protection mapping has previously been used to determine the 5' terminus of seal myoglobin mRNA (7) (Table 1) .
Poly(A)+ RNA was prepared from mouse skeletal muscle ranging from 15 days of gestation to adult. Northern blots of these RNAs were hybridized with the single-stranded antisense human myoglobin exon 2 probe or with the mouse skeletal muscle a-actin cDNA probe (Fig. 4) Myoglobin mRNA levels in seal and human muscle were compared by Northern blot analysis of poly(A)+ RNA, using a probe containing equimolar amounts of equivalent fragments from the 3'-nontranslated sequences of the grey seal and human myoglobin genes ( Fig. 5A and B ). An eightfold difference in myoglobin mRNA levels exists between human and seal skeletal muscle, comparable to the difference in myoglobin protein levels. This difference was confirmed by spot hybridizations and Northern blot analysis with additional human and seal myoglobin gene probes (data not shown).
To confirm that the elevated level of myoglobin in seal muscle results primarily from a correspondingly elevated level of myoglobin mRNA, we compared the efficiency of translation of myoglobin mRNA in seal and human muscle RNA samples by in vitro translation in rabbit reticulocyte lysates. As predicted, much less myoglobin was synthesized from human than from seal poly(A)+ RNA, although the difference could not be directly quantified from fluorographs of SDS-polyacrylamide gels in which total translation products had been electrophoresed (Fig. SC) . Subsequent purification of newly synthesized myoglobin by isoelectric focusing showed that translation of seal poly(A)+ RNA yielded 10 .2 times as much myoglobin as translation of an equal amount of human poly(A)+ RNA (Fig. SD) . This difference correlates well with the eightfold difference in myoglobin Absolute level of myoglobin mRNA. The absolute level of myoglobin mRNA within the total population of seal muscle poly(A)+ RNA was determined by hybridizing a known, constant amount of 32P-labeled antisense, single-stranded DNA complementary to exon 2 of human myoglobin mRNA with increasing amounts of seal poly(A)+ RNA. High homology between seal and human myoglobin exon 2 sequences allows the two to hybridize (41) . After hybridization, the samples were electrophoresed directly in an agarose gel which was then dried and autoradiographed. Figure 6 shows the result of such an experiment with seal poly(A)+ RNA and with Aspergillus nidulans RNA as a negative control. The absolute level of myoglobin mRNA can be determined from the hybridization reaction in which all the labeled single-stranded antisense DNA just hybridizes with the seal RNA. Detailed titrations (Fig. 6, legend) showed that 100 ng of seal poly(A)+ RNA contains just enough myoglobin mRNA to hybridize with 1 ng of exon 2 antisense DNA. This gives the absolute level of myoglobin mRNA as 2.8% of the total population of poly(A)+ RNAs in seal skeletal muscle. This figure is in good agreement with the estimate of 4% made during cDNA cloning of the grey seal myoglobin gene (45) . From this estimate, absolute myoglobin mRNA levels in all human, seal, and mouse tissues could be calculated (Table 1) suggests that it might also be expressed in differentiating embryonic myoblast cell lines. Poly(A)+ RNAs from preand postfusion cultures of the myogenic rat cell line L6 (47) and mouse cell line G8 (12) were analyzed by Northern blot hybridization with myoglobin gene probes and also with probes from other muscle-specific protein genes, including the mouse skeletal muscle a-actin cDNA probe. Myoglobin gene transcription was indeed induced after fusion and differentiation of both cell lines, but consistently more strongly in G8 myotubes (Fig. 7A) . Longer exposure of this autoradiograph failed to show any trace of myoglobin mRNA in myoblasts (data not shown). Other muscle-specific protein genes were also induced: Figure 7B shows postfusion expression of muscle a-actin mRNA, and induction of myosin light-chain mRNA expression also occurred (data not shown).
The level of myoglobin mRNA obtained in G8 myotubes was consistently higher than that seen in embryonic muscle poly(A)+ RNA and while variable from fusion to fusion was comparable to that seen in skeletal muscle from 1-to 8-day-old mice (data not shown).
Southern blotting showed that the myoglobin gene hybridization pattern is identical in mouse (DBA/2) liver, G8 myoblast, and G8 myotube genomic DNA (data not shown). This indicates that the induction of expression of the mouse myoglobin gene in G8 myotubes is not accompanied by gene amplification or major rearrangement.
DISCUSSION
Early work suggested that detectable levels of myoglobin only appear in skeletal muscle toward the end of gestation (27, 38) . However, using more sensitive techniques, we showed that the myoglobin gene is expressed at low levels in myogenesis as early as 10 weeks of gestation in humans and 14 days in the mouse. During subsequent pre-and postnatal development, levels of myoglobin mRNA in skeletal muscle increase by 50-to 100-fold before reaching adult levels. This is in marked contrast to the muscle contractile proteins, the mRNA levels of which do not vary significantly during later myogenesis. We confirmed that myoglobin and myoglobin mRNA levels are elevated in the fetal heart (38), presumably reflecting its early activity in utero. We also showed that myoglobin and myoglobin mRNA are present at low levels in adult human smooth muscle, from which myoglobin was previously thought to be absent (19) , although chicken gizzard smooth muscle has been shown to contain high levels of myoglobin (22) . Since myoglobin is associated with slow muscle fibers (red) in adult muscle (36) , low levels of myoglobin in fetal skeletal muscle and smooth muscle might therefore be correlated with the relative lack of slow fibers in these tissues (13) .
Levels of myoglobin in embryonic-fetal versus adult skeletal muscle, as well as in different human adult muscle tissues, appear to be largely determined by the size of the myoglobin mRNA pools (Table 1) (9) , this raises the possibility that there may be some regulatory similarities in the initial induction of myoglobin genes and contractile protein genes. However, mouse G8 embryonic myoblasts consistently accumulate higher levels of myoglobfn mRNA per unit mass of poly(A)+ RNA than are found in embryonic mouse skeletal muscle. This might suggest that the regulation of myoglobin gene expression in vitro does not fully reflect that seen in vivo.
DNA transfection experiments have shown that exogenous contractile protein genes can be expressed at a very low level in myoblasts in vitro and that in most cases the level of expression is appropriately enhanced upon fusion and differentiation to form myotubes (21, 29, 30, 32, 35) . Such experiments will allow the localization of cisacting regulatory elements that confer tissue specificity and differentiation-linked inducibility on contractile protein genes. The substantial induction of myoglobin mRNA in G8 myoblasts upon differentiation should allow these studies to be extended to a muscle-specific gene that does not specify a contractile protein. Preliminary experiments involving transient expression analysis of -950-bp segments of seal and mouse myoglobin gene 5'-flanking region fused to a reporter gene (chloramphenicol acetyltransferase) (20) indicate that the gene fusion is expressed in G8 cells and furthermore that expression is enhanced -5-to 15-fold upon differentiation in vitro (M. Price and A. J. Jeffreys, unpublished data). This system might therefore permit the identification of sequences involved in myoglobin gene induction, particularly with respect to a highly conserved 250-bp region located -120 bp upstream from the myoglobin cap site and shared by human, seal, and mouse myoglobin genes (41) (Blanchetot et al., in preparation). This system could also be used to determine whether the high level of myoglobin mRNA seen in seal muscle arises through increased promoter activity of the myoglobin gene and, if so, to define the molecular basis for this physiological adaptation. VOL. 6, 1986 on July 4, 2017 by guest http://mcb.asm.org/ Downloaded from
